Important features of multiphase flow in porous media that distinguish it from single-phase flow are the presence of interfaces between the fluid phases and of common lines where three phases come in contact. Despite this fact, mathematical descriptions of these flows have been lacking in rigor, consisting primarily of heuristic extensions of Darcy's law that include a hysteretic relation between capillary pressure and saturation and a relative permeability coefficient. As a result, the standard capillary pressure concept appears to have physically unrealistic properties. The present paper employs microscopic mass and momentum balance equations for phases and interfaces to develop an understanding of capillary pressure at the microscale. Next, the standard theories and approaches that define capillary pressure at the macroscale are described and their shortcomings are discussed. Finally, an approach is presented whereby capillary pressure is shown to be an intrinsic property of the system under study. In particular, the presence of interfaces and their distribution within a multiphase system are shown to be essential to describing the state of the system. A thermodynamic approach to the definition of capillary pressure provides a theoretically sound alternative to the definition of capillary pressure as a simple hysteretic function of saturation.
shown to be an intrinsic property 6i{ the system under study expressed in terms of the change in free energy of the phases and interfaces due to a change in saturation. It is shown that capillary pressure is equal to the difference between nonwetting and wetting phas.e pressures only at equilibrium, and a first-order nonequilibrium, expression is provided. Hysteresis in capillary pressure is argued to be due to lumping of too many effects in the p c (s TM) relationship. In particular, the presence of interfaces and their distribution in the porous medium is considered to be important to describing the state of the system. An expanded dependence of capillary pressure on saturation as well as the specific interfacial area of fluid-fluid interfaces is suggested as an appropriate functional relationship that will exhibit reduced hysteresis. [Tabor, 1969] or a solidified paraffin crust [Chappuis, 1977] . In Appendix B, the momentum balance for the contact line is developed and presented as ( 
MICROSCALE MOMENTUM BALANCE EQUATION
FOR
Equation (BS) relates F to the infinitesimal deformation of
the solid-fluid interface. Experimental evidence for the existence of F may be found in the work by Chappuis [1977 Chappuis [ , 1982 . This quantity may also be considered to be a formal representation of the adhesion forces between a fluid and solid that is widely discussed in the literature and is said to be at least partially responsible for contact angle hysteresis (see, for example, Slattery and Flumerfelt [1982] and Chappuis [1982] ). Furthermore, Bartell and Merrill [1932] discuss the friction between fluid and solid and the energy that is expended as a liquid moves over a solid surface. As such, F may be viewed as the frictional force exerted by the solidfluid interfaces on the moving contact line. Equations (5) and (6) will be used here in investigating the equilibrium of the contact line and hysteresis in the contact angle.
CAPILLARY PRESSURE AT THE MICROSCALE
In the first part of this discussion, the phenomenon of capillarity at the microscale is briefly analyzed in the context of a simple hypothetical experiment and using momentum balance equations (1) and (4) for an interface and (5) and (6) for the contact line. Although the experiment discussed will involve transition of an interface fi'om one state to another, the dynamics of the transition will not be considered here. 0nly equilibrium states attained at the end of various transitions will be discussed.
Consider a large diameter vessel containing two immiscible fluids, w and n, separated by an interface. Assume that the w phase is denser than the n phase and fills the bottom portion of the container. The normal vector to the interface N is taken to be positive pointing into the w phase. Since the container is large, at some distance from its wall, the interface between the two phases may be considered to be essentially horizontal. Therefore V • ß N = 0 at this location.
If the system is at rest, U = 0 such that the viscous forces given by ,r •n will be zero, and (2) reduces to the tube center will momentarily remain at equilibrium and balance equations (7a) and (7b) will apply there. However, at the common line, the equilibrium state will not exist.
Forces acting on this common line will be active and tend to disturb the interface from its flat configuration. The common line will tend to move upward and will cause the wn interface to become concave when viewed from above. As a i'esult, the interface equilibrium is disturbed and (7 a) will not apply. The curvature of the interface requires that a pressure difference across the interface be established for equilibrium. Thus the interface, as well as the common line, will move tii•ward and will reach a new equilibrium position when the forces acting on the common line and the interface attain equilibrium separately, as is depicted in The expression on the left side of (8c) is sometimes referred to as "spreading pressure" [Schiegg, 1986] . For this case of a vertical capillary tube in which the equilibrium common line is a circle, ywns will be considered to be a constant property of the common line because of symmetry. Therefore V c .),wns in (8a) is zero as is F-A. Thus for the experimental configuration under consideration, the solid surface exerts no force on the common line in the direction tangent to the line at equilibrium [see also Chappuis, 1982] . Note that in this analysis, the elastic forces in the solid-fluid interfaces (with their resultant F) are treated as forces resisting the movement of the contact line. The component of F resisting the inward pull is given by fe as defined in (8b). The balance provided by (8c) indicates that the elastic stresses in the solid-fluid interfaces acting on the contact line can introduce a resistance to its slippage tangent to the capillary tube wall. One would therefore expect the component CSfe to be acting downward, such that C s is positive, when the contact line (and the meniscus) is pushed upward as in the transition from the situation in Figure 2 to the state of Figure 3 . Conversely, the coefficient C s will be negative when the interface is pushed downward. The phenomenon of hysteresis in both microscopic capillary pressure and contact angle can be explained on the basis of variations in C s and fe, as is discussed at the end of this section.
For this experiment, the curvature of the interface requires that a pressure difference across the interface be established at equilibrium. The interface momentum as the transition to a new equilibrium state occurs will be governed by (1) and (4 In the context of the experiment discussed here, if one infinitesimally decreases the pressure in the n phase from a state of natural equilibrium, the curvature of the interface will decrease so that the contact angle will increase. This will cause solid-fluid interfacial stresses to develop opposing movement of the contact line. In this case, C s will be positive. An expression for the equilibrium capillary pres- Subsequent decrease of p n (and thus of pC) will cause further increase of C s and 0e up to some maximum magnitudes. At this point, the bond between the contact line and the solid surface will be overcome such that the meniscus will start moving upward. Similarly, if one disturbs the system from natural equilibrium by infinitesimally increasing the pressure of the n phase (or decreasing the pressure in the w phase), the interface will tend to move downward in the tube. Thus C s will be negative and the interface will stretch such that its curvature increases while the contact angle decreases. In this process, the capillary pressure will increase. With subsequent increase of p n _ p •, the interface will continue to deform. Eventually, C s will reach a minimum value. Further increase of p n _ p • will create a force on the contact line that will overcome the static bond between the interface and the solid along the common line and then the contact line and interface will move to a new equilibrium position.
Each time the interface moves up or down in the capillary tube, it will come to rest at a new equilibrium position. Then the process of pressure modification causing drainage or irnbibition may be repeated at each equilibrium position attained. Successive infinitesimal changes in values of p w or pn will eventually result in the common line moving along the tube wall until a new equilibrium state is obtained. The equilibrium states that exist at minimum capillary pressure (with minimum C s value and maximum C s magnitude) will be identified here as "imbibition equilibria," since they occur while experimenting such that the w phase tends to be imbibed by the capillary tube. Likewise, equilibrium states that exist for a particular location of the contact line at maximum capillary pressure will be called "drainage equi- (11) is limited to the case of a vertical tube with circular cross section. In all other cases, the contact angle has no constant value and no simple relation exists between the meniscus curvature and the contact angle. In general, one must employ the definition given by (10b).
Of greatest significance is the fact that the apparent hysteresis in Figure 4 is an artifact of the abscissa chosen for the plot. Figure 4 shows that a tabulation of pC versus volume fraction of the wetting phase does not give a unique functional relationship. The difference in p c at the drainage and imbibition equilibria boundaries is dependent on the range of contact angles that can be sustained by the system without causing the contact curve to move. However, based on (10b), the capillary pressure is a unique, nonhysteretic function of the curvature of the interface between the phases. Thus if one were to plot capillary pressure versus interfacial area (for a particular capillary tube), no hysteresis in the capillary pressure data would be observed. Note also that if one were to perform this experiment using a capillary tube whose cross-sectional area were a function of position, the position of the interface along the axis (i.e., the volume fraction of the wetting phase) would also be an important factor in determining the degree of apparent hysteresis. Recognition of the fact that selection of appropriate independent variables for correct phenomenological characterization of capillary pressure is a crucial element of examination of capillary pressure at the macroscale.
CAPILLARY PRESSURE AT THE MACROSCALE: STANDARD APPROACHES
For the study of flow and transport in porous media, equations are needed at a scale larger than the microscale. This scale is referred to as the macroscale and the quantities modeled are averages over the neighborhood of position of interest. This neighborhood is commonly called a representative elementary volume (REV) and has a characteristic length much larger than that of a typical pore diameter. Thus the average values of microscopic functions are taken to be representative of measurements that might be taken at a porous medium scale. Some degree of rigor in averaging from the microscale to the macroscale is often compromised in order to try to enhance physical understanding. However, failure to explicitly recognize the approximations made can cause confusion rather than clarification.
In the existing literature, by analogy with the equilibrium relationship (10a) between the microscale capillary pressure and the pressure difference between adjacent phases, the macroscopic capillary pressure, is almost universally defined as [e.g., Bear, 1972; Scheidegger, 1974 As is illustrated in Figure 5 , it is commonly believed that an irreducible wetting phase saturation s r exists for which further increase of the externally measured capillary pressure will not have any effect on the fluid saturation. Forreally, the capillary pressure is said to go to infinity at the wetting phase irreducible saturation. The concept of infinite capillary pressure at an asymptotic irreducible saturation is questionable for a number of reasons. First, infinitely large pressure differences (corresponding to a large positive pressure of the n phase and/or a large tension in the w phase) are physically unrealistic under most natural conditions [Gray and Hassanizadeh, 1991b] . Second, the existence of a nonzero irreducible saturation is questioned by some reseamhers. Dullien and (19). The latter is meant to be valid throughout the unsaturated domain, whereas the former is only an estimation of the thickness of the capillary fringe. Although (19) seems to be independent of saturation, one may reinterpret r to be the mean radius of the largest pore space being filled with water at a given saturation. In this way, r will be a function of saturation, and (19) will then be comparable to (16b). Thus it will also suffer from the same drawbacks discussed about (16b). Unfortunately, the analysis suffers from using independent variables from two different scales, the microscopic contact angle and the macroscopic saturation. A more fundamental approach to obtain a phenomenological relationship for pc has been to employ principles of equilibrium thermodynamics. In doing so, thermodynamic relationships known for single continua (thus valid at the microscale) are commonly assumed to be equally valid for multiphase media at the macroscale. The explicit inclusion of interfaces and interfacial properties in the proposed theory is essential because they are known to have a significant role in determining the thermodynamic state of the whole system. Scheidegger [1974] states that hysteresis (in capillary pressure) seems to be caused by instability of interface configurations. Dussan [1987] 
Another well-known relationship is due to
According to this definition, macroscopic capillary pressure is related to the change in the free energy of phases and interfaces as a result of change in the saturation. Inequality (35) explains the spontaneity of the imbibition process.
According to this equation, the free energy of the system must decrease for the saturation of the wetting phase to increase (i.e., for •w > 0); this would be a spontaneous process. On the other hand, to decrease the wetting phase saturation (• < 0), the energy of the system must be increased. This will not be a spontaneous process and will require an increase in P• -P TM such that work is done on the system. Note that dependence of pc on the solid phase free energy does not appear in (37) because the solid phase free energy is assumed to be independent of saturation in According to these explanations, interfaces undergo abrupt jumps during a drainage process, so that a higher capillary pressure will prevail during drainage than imbibition. Figure 7 . Regardless of the mechanisms they employ to explain hysteresis, most researchers agree that hysteresis is related to the configuration and distribution of interfaces. It is widely recognized that many different interface configurations, and thus a range of interfacial areas, are possible for a given saturation. Based on estimates of capillary pressure, surface areas, and pore volume for a simplified porous medium, Craaford and Hoover [1966] find that the ratio of surface area to volume would be an important parameter in determining the energetic state of the system. Furthermore, consideration of the microscale situation, as in Figure 4, indicates that apparent hysteresis may arise because of the choice of s w as the only independent variable. It seems that the size of the hysteresis loop is perhaps a measure of the lack of understanding of the processes actually occurring rather than an accurate depiction of multiphase behavior in porous media.
The approach proposed here is to obtain a more appropriate representation of the functional dependence of capillary pressure. Equation ( 
